Abstract: Aboveground net primary productivity (ANPP) and rain-use efficiency (RUE) are important indicators in assessing the response of ecosystems to climate change. In this paper, the Changtang Plateau in the Tibetan Autonomous Region was selected as the study area to analyze the spatial and temporal changes of ANPP and RUE in grassland communities and their response to climate change. The results showed the following:(1) The spatial pattern of ANPP was closely related to rainfall on the Changtang Plateau. The average ANPP over the past 15 years increased gradually from the arid west to the humid east. A consistent pattern was exhibited in different grassland types and climate zones.
Introduction
Aboveground net primary productivity (ANPP) is one of the key ecological properties of ecosystems, and it is closely related to precipitation in grassland ecosystems, both globally and regionally [1] [2] [3] . ANPP has a strong positive correlation with mean annual precipitation (MAP) of climate on ANPP [7] , hysteresis effects of precipitation [30] , and the impacts of terrain [31] may also limit the response of ANPP to changes in precipitation.
There is consistent conclusion on the arguments around the temporal and spatial distribution characteristics of ANPP and RUE at present. It is still not known what the temporal and spatial patterns of ANPP and RUE are, and whether there are any changes of these patterns in response to changing climate on the grasslands of the Tibetan Changtang Plateau. Therefore, a research based on the relationship between grasslands and climate change is required. This can be found by identifying the dynamic changes in ANPP and RUE of the grassland as well as the response modes to changing climate [32] . To identify the temporal and spatial patterns of ANPP and RUE for the grasslands along a precipitation gradient on Changtang Plateau and to address the impact of the changing climate on the temporal and spatial patterns of ANPP and RUE, we hypothesize: (1) spatially, RUE is higher at the arid end of the Changtang Plateau although ANPP is lower, while RUE decreases continually with increasing precipitation despite ANPP increases continuously from west arid end to east humid end; (2) temporally, the interannual variation of RUE is positively correlated with ANPP; (3) the spatial and temporal patterns of ANPP and RUE can also apply to different types of grasslands and climate zones; (4) climate change will have an impact on the temporal and spatial patterns of ANPP and RUE. ANPP and RUE will increase with the increase of precipitation. ANPP and RUE will increase as temperature increases. To test these hypotheses, field samplings were first conducted to establish and validate the relationship between the normalized differential vegetation index (NDVI) integral of the entire year (NDVI-I) and ANPP. Then, the ANPP was calculated based on the NDVI-I data from 2000 to 2014. And RUE was calculated from ANPP and precipitation. Second, we analyzed the spatial and temporal patterns of ANPP and RUE on the ChangtangPlateau and compared these patterns in different grassland types and climatic zones. Third, we analyzed the relationships between spatial and temporal variations of ANPP, RUE, and climate change and explored the impact of climate change. This study is helpful to understand and evaluate the impacts of climate change on the grassland ecosystems on the Qinghai-Tibetan Plateau [13] .
Materials and Methods

Study Area
The Changtang Plateau, which comprises a majority of the Tibetan Plateau, lies in the northwest area of the Tibetan Autonomous Region, China (29 • 53 -36 • 32 N; 78 • 41 -92 • 16 E), with an average altitude of more than 4400 m. There is a precipitation gradient ( < 100-700 mm) from west to east of the Plateau, where soil organic matter and total nitrogen increase from less than 1.0% to 4.0% and from 0.02% to 0.2%, respectively [33] . The Plateau features the most severe climates and the most vulnerable ecosystems in China, with a cold, arid, and windy climate and sparse vegetation. The general evaporation strength is larger than 1800 mm. The annual mean wind speed is more than 3 m·s −1 . And the annual mean aridity index is in the range of 1.6 to 20. The Plateau is cold, with annual mean temperature of less than 0 • C, a mean temperature in the coldest month (January) of −10 • C to −18 • C, and an annual temperature in the warmest month (July) of less than 14 • C in most of the region. The vegetation is mainly composed of the following types of grasslands: alpine meadow, alpine meadow steppe, alpine steppe, alpine desert steppe, and alpine desert ( Figure 1 , Table 1 ). The grasslands are dominated by Stipapurpurea and Carexmoocroftii [34, 35] . The climate zones of the Changtang Plateau can be divided into eastern Tibetan semihumid climate zone, southern Tibetan semiarid climate zone, Ngari arid climate zone, Nagchu-Golok semihumid climate zone, Changtang semiarid climate zone, and Kunlun arid climate zone (National Earth System Science Data Sharing Infrastructure: http://www.geodata.cn/) ( Figure 1 , Table 2 ). Both the NDVI-I for the entire year [8, 36] and NDVI during the growing season [37, 38] have been shown to be good predictors of vegetation biomass or ANPP. However, the growing season varies strongly across the Changtang Plateau, with some areas in the west (late April) greening up to two months earlier than the central or eastern regions (late June) [39] , while withering periods range from less than 250 Julian day to more than 300 Julian day [40] . At the same time, the interannual variation of phenology is also very large across the Changtang Plateau [41, 42] . Therefore, in order to reduce the dimensionality of our data, NDVI-I was adopted for the prediction of the ANPP of grasslands [43, 44] . The NDVI-I can be used to predict photosynthetic active radiation and ANPP [43] and was calculated according to the procedure described by Paruelo et al. [8] . The Global MOD13Q1 V006 dataset from NASA's Terra satellite was used [45] . This includes NDVI and quality control data at a resolution of 250 m and is generated using the maximum value composite method (MVC) every 16 days. Datasets were selected covering the period March 2000 to December 2014. Meanwhile, Moderate Resolution Imaging Spectroradiometer net primary production (MODIS NPP) product MOD17A3H V006 [46] , was used to compare the results.The formula to calculate NDVI-I is as follow:
where n represents the total number of composites for each year (23 composites), NDVI i represents the i-th composite, T i represents the proportion of the year covered by the i-th composite (16 days, 0.045).
Sampling and Meteorological Data
To developthe relationship between actual calculations of ANPP and NDVI-I for the grasslands, we conducted a multisite survey (32 sites) during the peak growing season (late July to early August) in 2013 at non-grazed pastures across the Changtang Plateau. The specific sampling points are shown in Figure 1 . All sites were located in zonal vegetation areas with flat terrain and good plant growth to reduce spatial heterogeneity and ensure the representativeness of the samples. We used a sample quadrat of 0.5×0.5 m with five replicates at 20 m intervals along one 100 m transect line to harvest aboveground biomass. Meanwhile, we used the sites as the center to do buffers with a radius of 1 km and the mean value of several contiguous pixels within the buffer as the corresponding NDVI for the site. Then, the NDVI-I values for the entire year of all sites were integrated.
All samples of the collected biomass were put into envelopes for drying and weighing in the lab. The field-measured ANPP was used to fit a functional relationship with the NDVI-I data. All of the abovementioned analyses were done using SPSS19 software (SPSS Inc., Chicago, IL, USA). Meteorological data for the analyses were mainly collected from the Plateau's meteorological elements distribution datasets generated by the PRISM model with interpolation (http://www.geodata.cn/Portal/metadata/ viewMetadata.jsp?id=100111-10043), referred meteorological data from the National Meteorological Observatory and Hobo Micrometeorological Observatory (Fig 1) , and the ground-based meteorological and solar energy datasets from NASA (https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi).
RUE Calculation
The ratio of ANPP to MAP is generally defined by RUE [9, 27] . The RUE can be determined by the following formula:
where RUE (g·m −2 ·mm −1 ) is rain-use efficiency, ANPP (g·m −2 ) is aboveground net primary productivity, and MAP (mm) is the mean annual precipitation.
Calculation of the Spatial and Temporal Variation of ANPP and RUE
The mean ANPP and mean RUE during 2000-2014 on the Changtang Plateau were calculated by per-pixel for all years. The least-square method was used to calculate the temporal trends (Slope) of ANPP and RUE from 2000 to 2014, and the significance test (F test) was given before analyzing the temporal patterns of ANPP and RUE. The slope of the linear regression of each pixel is then used to indicate the temporal trends of ANPP and RUE across year 2000-2014.
where n is the number of study years (15 in this study), i is the serial number of the year, and V i is the variable for year i. A positive grid slope corresponds to an increasing trend in V i change, and a negative value corresponds to a decreasing trend in V i change over the 15 years.
Analysis of the impacts of climate change on temporal changes of ANPP and RUE was mainly based on the spatial correlations between the variation of temperature and precipitation and the trends of ANPP and RUE over time. The spatial correlation analysis was mainly conducted by the Multivariate Band Collection Statistics model in the Spatial Analyst Tools of ArcGIS software. All the data and the data with significant changes were analyzed separately. ArcGIS 10 (ESRI Inc., Redlands Ca) was used for all of the abovementioned analyses.
Results
Relationship between Measured ANPP and NDVI-I
Various measures of fit were examined before determining if the functional relationships between ANPP and NDVI-I were linear (Figure 2a ). The in-situ ANPP, calculated NDVI-I, and MODIS NPPhad a linear relationship withMAP (Table 3) , while RUE had a quadratic equation in relation to MAP ( Figure 2c ). The linear relationship between ANPP and NDVI-I supported the use of NDVI-I for predictions of grassland ANPP in other years. This also allowed grassland RUE to be calculated. 
Spatial-Temporal Patterns of ANPP on the Changtang Plateau
The spatial pattern showed changes in ANPP along the precipitation gradient zone from the west to the east of the Changtang Plateau, with measurements of less than 10 g·m −2 in the west to more than 60 g·m −2 in the east. ANPP was higher in the region that experienced higher precipitation rates (Figure 3a) . In different types of grasslands, ANPP was highest in alpine meadows, followed by alpine meadow steppes, alpine steppes, alpine desert steppes and lowest in the alpine deserts (Table 4) . In different climate zones, ANPP was highest in the eastern Tibetan semihumid climate zone and Nagchu and Golok semihumid climate zone, followed by the southern Tibetan semiarid climate zone and Changtang semiarid climate zone, and lowest in the Ngari arid climate zone and the Kunlun arid climate zone (Table 4 ). There was no significant change in the temporal pattern of ANPP from 2000 to 2014 (Figure 3b ). However, statistics showed that ANPP increased in 55% of the grasslands on the Changtang Plateau, with 19% of these areas showing a significant increase. There was a decrease of ANPP in 45% of the grassland on the Plateau, of which 15% showing a significant decrease. ANPP in different types of grasslands experienced an increasing trend, and the mean rates of change in ANPP in alpine meadows and alpine deserts were higher than in other types of grasslands (Table 4) . In different climate zones, ANPP showed a decreasing trend at the western and eastern regions (southern Tibetan semiarid climate zone, Ngari arid climate zone, and Nagchu and Golok semihumid climate zone) of the Changtang Plateau despite a significant increase of 14% and a significant decrease of 10% in the middle region (Table 4) .
Spatial-Temporal Patterns of RUE on the Changtang Plateau
The spatial distribution of RUE was highest in the west of the Changtang Plateau, with a maximum value of 0.25 g·m −2 ·mm −1 , and decreased with an increase in precipitation. In the east, the higher measure of RUE ranged from 0.1 and 0.15 g·m −2 ·mm −1 , while the central region showed the lowest RUE (Figure 4a ). The mean RUE in different types of grasslands remained around 0.07-0.09 g·m −2 ·mm −1 , while it had a range of 0.06-0.15 g·m −2 ·mm −1 in different climate zones (Table 5 ). The mean RUE of the southern Tibetan semiarid and Ngari arid climate zones was higher than those of other climate zones ( Table 5) .
The temporal patterns of RUE showed a strong increase in the east and west of the Changtang Plateau and a evident decrease in the central region (Figure 4b ). Further statistical analysis showed that RUE increased significantly over 11% of the Changtang Plateau but decreased significantly over 8% of the Plateau during 2001-2014 (Table 5 ). Within different types of grasslands, the mean rates of change in RUE were highest in alpine meadows, increasing significantly in 7% of the region, while no regions exhibited a sizeable decrease. RUE had the lowest mean rates of change in the alpine steppe, decreasing significantly over 6% of the region and increasing significantly less than 2% (Table 5 ). In different climate zones, the highest mean rates of increase in RUE were in the eastern Tibetan semihumid climate zone, followed by the Ngariarid climate zone and the Nagchu and Golok semihumid climate zone. RUE exhibited a downward trend in the Changtang semiarid and Kunlun arid climate zones (Table 5) . RUE was higher at both ends of the Changtang Plateau, most of which showed an upward trend, and lower in the central regions, which generally exhibited a downward trend. 
Influence of Climate Change on Temporal Patterns of ANPP and RUE
Analysis of the spatial relationship between the annual variation of ANPP, RUE, and precipitation from 2000 to 2014 showed that ANPP generally experienced an increase in the regions of growing precipitation and a downward trend in regions of decreasing precipitation rates (Figure 5a) . RUE generally showed a decreasing trend in regions of growing precipitation and a sizeable increasing trend in regions with decreased precipitation. Changes in RUE showed a significantly negative correlation with changes in precipitation for all data (r= −0.44, p < 0.001) and the same for the data with significant trends (r= −0.32, p < 0.001) (Figure 5b) . In different climate zones, precipitation exhibited an increasing trend in the central areas (Changtang semiarid and Kunlun arid climate zones) (Table 6) , resulting in an increase in ANPP (Figure 5a , Table 4 ) and decrease in RUE (Figure 5b , Table 5 ). In the climate zones at the western and eastern ends of the Changtang Plateau, precipitation rates tended to decrease (Table 6 ) and ANPP showed a decreasing trend (Figure 5a, Table 4 ), while RUE showed an increasing trend (Figure 5b , Table 5 ).
The greatest mean temperature increase was in the Changtang semiarid climate zone, where ANPP showed a corresponding increase. The smallest mean temperature increase was in the Ngari arid climate zone, where ANPP showed a downward trend (Figure 5c , Table 4 , and Table 6 ). RUE had a downward trend in the Changtang semiarid climate zone and an upward trend in the Ngari arid climate zone (Figure 5d , Table 5 ). Although ANPP tended to increase while RUE tended to decrease in regions where temperature increases were higher (Figure 5c,d ), there were no significant correlations between ANPP and the spatial distribution of changing temperatures (r= 0.02).There were also no significant correlations between RUE and the spatial distribution of changing temperatures for all data (r= −0.06) and the same for the data with significant trends (r= −0.07). There was no strong spatial correlation between increasing temperatures and variations in ANPP and RUE in different types of grasslands. 
Discussion
The Spatial Variation of ANPP and RUE
The mean ANPP during 2000-2014 increased progressively from the western arid region to the eastern semihumid region along the precipitation gradient of the Changtang Plateau. Whether it was from the whole plateau or different types of grasslands or climate zones, ANPP increased with increasing precipitation. This is in agreement with previous research results [4] [5] [6] , indicating that the spatial patterns of ANPP are strongly influenced by precipitation. RUE was higher at both the western arid region and the eastern semihumid region, especially at the western arid region, while it was lower in the middle region.
There was a difference between the RUE spatial distribution pattern of the Changtang Plateau and previous research results. The RUE was highest at the arid end of the Changtang Plateau. When MAP was < 400 mm, the RUE decreased with an increase in MAP, which is consistent with the research results on the alpine grasslands on the Qinghai-Tibetan Plateau conducted by Mi et al. [23] and the study of 14 terrestrial ecosystems in South and North America conducted by Huxman et al. [14] . However, the results are opposite to what was found along the precipitation gradient of the East African Prairie by McNaughton [47] and research done on the precipitation gradient of the Inner Mongolian grasslands in China by Bai et al. [13] . When MAP was >400 mm, RUE increased with an increase in MAP, and RUE at the humid eastern end of the Changtang Plateau was relatively higher. This is contrary to the results of work done by Huxman et al. [14] but consistent with the results of research conducted by McNaughton [47] and Bai et al. [13] . The spatial distribution pattern found on the Changtang Plateau differs from research in the middle of North America done by Paruelo et al. [9] and the results (unimodal distribution) on the Qinghai-Tibetan Plateau conducted by Yang et al. [26] . However, our results are generally consistent with those found on the Qinghai-Tibetan Plateau by Qiu et al. [24] . The different research scales and rainfall intervals in precipitation gradients may have an impact on the consistency of the results [13] . Paruelo et al. [9] and Yang et al. [26] did not analyze regions with precipitation of less than 200 mm. Bai et al. [13] and Hu et al. [15] showed that RUE increased with higher MAP. Hu et al. [15] even discovered that RUE experienced a slight increase at the most arid part of the region. However, their research did not include regions with MAP of more than 600 mm. The variation range of RUE is different at a global scale, ecosystem scale, or regional scale. For example, the global research done by Paruelo et al. [9] showed the mean value of RUE was 0.64 g·m −2 ·mm −1 . The ranges in RUE for global arid and semiarid ecosystems was 0.05-1.81 g·m −2 ·mm −1 [27] . However, the RUE ranged from 0.13 to 0.64 g·m −2 ·mm −1 along the Inner Mongolia-Qinghai-Tibet Plateau grassland of China [15] .
Many researchers have shown that spatial changes in RUE are mainly limited by vegetation life history (self-limitation) and biogeochemical limitations [7, 9, 14] . The evolutional history and ecological properties of species in the grassland community determine whether species can resist different survival pressures through a series of trade-offs between functional traits, thus limiting the rate of growth and its impact on potential productivity [48] . However, biogeochemical limitations change the relative importance of different limiting resources due to the interaction of climate and biogeochemical conditions, thus impacting the potential productivity of vegetation [14, 49] . The RUE of vegetation in the extremely arid region of the Changtang Plateau was mainly constrained by self-limitation. The plants maintained higher water use efficiency (WUE) through a series of trade-offs between functional traits to strengthen competition for water in drought conditions, thus reducing the impact of the water stress [48, 50] . For example, from the research on Artemisia ordosica in the Mu Us Sandlands and the northern sandlands of the Qinghai-Tibetan Plateau, Wei et al. [51] discovered that the unit mass leaf nitrogen content (N mass ) of A. ordosica increased, while the specific leaf area (SLA) experienced no marked change as precipitation decreased, resulting in higher N mass and leaf nitrogen content per unitarea (N area ) under the same SLA in regions that experienced lower precipitation. A. ordosica had a similar WUE compared to regions with high precipitation. Research on the precipitation gradient of the Qinghai-Tibetan Plateau conducted by Hu et al. [52] found that, under drought conditions, the thickness of Stipapurpurea leaves increased to maintain the same N area , thus maintaining a similar level of photosynthesis and WUE to plants in a relatively humid region. Our previous studies also showed that dominant species had higher leaf nitrogen inthe western arid end than the eastern semihumid end of the Changtang Plateau [53, 54] . The highly effective WUE observed in plants is directly correlated to the growth rate of vegetation, which can result in highly effective WUE in the ecosystem overall [14] . The self-limitation of plants reduces while biogeochemical limitations increase with higher precipitation [32, 55] . However, such changes may occur quite slowly in the arid regions of the Changtang Plateau because of the extremely low density of vegetation, diversity of species, potential productivity, and extremely highpotential evapotranspirationand water threat resistance capacity [9] . Some researches indicated that ANPP grew exponentially as the diversity of species increased on the Qinghai-Tibetan Plateau [56] . With low growth in species diversity, ANPP increased slowly or even remained unchanged, while MAP increased [26] . However, RUE decreased continuously. With further reductions to self-limitation of vegetation and weaker biogeochemical limitation, the density of vegetation and diversity of species increased rapidly with an increase in MAP [35] , ANPP started to increase greatly [13, 28] and RUE rose continuously. However, growing precipitation can contribute to higher humidity levels in the air and higher water content of soil as well as higher levels of leaf stomatal conductance of plants. This, along with stronger evapotranspiration, reduces WUE of vegetation overall [57] . This may explain why the RUE of the humid regions of the Changtang Plateau was still lower than that of the extremely arid regions in our study.
In summary, with the joint effects of vegetation self-limitation and biogeochemical limitation, RUE is highest in the extremely arid region of the Changtang Plateau, decreases continuously with higher MAP, and then increases slowly in regions with higher precipitation in the east. However, ANPP will increase rapidly with further growth in rates of precipitation. Then, as the requirements for nutrients increase continuously and biogeochemical limitations become stronger, a continuous reduction of RUE will be observed [9, 13] . RUE showed no strong decreasing trend due to the limited range of the precipitation gradient zone on the Changtang Plateau ( < 100 mm-600 mm). However, the mean RUE of the eastern Tibetan semihumid climate zone was slightly lower than that of the Nagchu-Golok semihumid climate zone, possibly because the biogeochemical limitations started to become greater. For example, results of research on the whole Qinghai-Tibetan Plateau (precipitation range: 90 mm-800 mm) done by Ye et al. [25] showed that RUE experienced a multimodal changing trend as precipitation rates increased. Research done by Mi et al. [23] in alpine meadows (precipitation range: 500 mm-700 mm) also showed that RUE decreased as precipitation increased.
The Interannual Variation of ANPP and RUE and Its Relationship with Climate Change
There was no significant change in ANPP during 2000-2014 on the Changtang Plateau, with 66% of total grasslands presenting little change, while 34% were significantly increased or decreased. In fact, these are consistent with the findings of Liu et al. [38] and Zhang et al. [58] . The results of Zhang et al. [58] in the eastern part of Changtang Plateau indicated that the annual average NDVI of most alpine grasslands did not present significant variations during 2000-2013, with 77.5% presenting little change, while the remaining 22.50% exhibited a significant variation. Their spatial-temporal patterns were basically consistent with our results. Although the results of Liu et al. [38] showed that the aboveground biomass of the grasslands on Qinghai-Tibetan Plateau increased during 2000-2012, most of them were concentrated in the Qinghai. The changes in Changtang Plateau were not significant, with only a small portion of significantly decreased area. The ANPP of the Changtang Plateau showed remarkable hysteresis in response to the annual change in precipitation [59] . Interannual trend of RUE showed a significantly negative correlation with the spatial distribution of the annual change of precipitation, which is consistent with the results of a number of other studies [7, 9, 10, 17] . First, the legacy effects of precipitation changes may impact the growth of grasslands [30] . The grassland ANPP in any given year was greatly impacted by the ANPP and precipitation of previous years. The drier the previous years were relative to this year, the lower was the ANPP of this year; in contrast, the wetter the previous years were, the higher was the ANPP of this year. Second, species that have a relatively low rate of growth are found throughout extremely arid regions [9] , with a trade-off between the relative rate of growth and the drought-enduring ability to enable adaptation to extremely arid environments [60, 61] , which limits the response of vegetation to changes in precipitation. Therefore, the annual downward trend of the MAP at the extremely arid western end of the Changtang Plateau had no strong impact on the ANPP of grasslands, but RUE showed an increasing trend. The change of plant community structures in the arid or semiarid regions, including the coverage of vegetation, density of vegetation, and species composition, require a long period of time [62, 63] . Collins et al. [64] conducted water addition during the growing season in the North American grasslands, which indicated no marked change to the main species of the grassland over a period of 10 years. In the shortgrass grasslands, Evans et al. [65] discovered that extremely arid conditions caused changes to the coverage of the main species on the grassland after four to seven years. In the same ecosystem, the temporal changes of RUE were mainly impacted by the interaction of soil water content and effectiveness of nitrogen [13] . There was no great change in the grassland community over the short-term in regions with growing MAP in the center of the Changtang Plateau. However, soil nutrient limitations may be strengthened at a certain level [32, 55] . The increase in annual precipitation had no marked impact on the ANPP of the grassland, while the RUE decreased. Similarly, MAP decreased at the humid eastern end of the Changtang Plateau. However, there was no great change in the grassland community over the short-term, and RUE experienced an increasing trend. The research conducted by Huxman et al. [14] showed that RUE tended to reach a maximum value (RUE max ) in extremely dry years, while RUE deviated from RUE max in the rainy years. Similarly, RUE may tend toward RUE max gradually in regions with decreasing MAP in the Changtang Plateau, while RUE decreases from RUE max in regions with increasing MAP.
RUE mostly experienced a downward trend in regions with greater temperature increases, while it increased in regions with lower temperature increases. Increasing temperatures and ANPP will result in a potential increase of RUE. However, water limitations will be strengthened with rises in temperature, which may offset the positive effects of RUE [26] . The regions where temperature increases rapidly will show less of an increase in photosynthesis and more growth in evapotranspiration, thus causing RUE to decline. The actual change in RUE was effected by the interactions of precipitation and temperature. Climate change had no strong impact on community structure in the short-term. However, with a stronger impact of climate change on the Changtang Plateau expected in the future, fundamental changes will take place in the composition and structure of the grassland community over a long period, and the RUE may then show significant changes. The effectiveness of the water content will change under the influence of climate change. The ANPP of the grasslands will respond to such changes but will exhibit hysteresis. ANPP responses will be strengthened as time passes [30] . The changing temporal patterns of ANPP and RUE in different climate zones were consistent with the general pattern. ANPP increased and RUE decreased in the central climate regions when the precipitation rates increased. ANPP decreased and RUE increased strongly in the climate region at both ends of the Changtang Plateau when precipitation decreased. However, there was no marked difference between the different types of grasslands, indicating that the climate zone was more likely to show temporal and spatial patterns of the ANPP and RUE of grasslands on the Changtang Plateau. In zones of different types of grasslands, there may be an impact of soil conditions and landforms as well as climatic implications [13] .
Conclusions
The spatial patterns of ANPP along the precipitation gradient on the Changtang Plateau were deeply impacted by precipitation levels. The mean ANPP during 2000-2014 increased progressively from the arid west to the humid east as precipitation increased. There was a consistent trend in different grassland types and climate zones. The self-limitation of the vegetation and biogeochemical limitations impacted the spatial patterns of RUE, which were higher at either ends of the Changtang Plateau, especially in the arid west, while lower in the center. In the different climate zones, the mean RUE of the southern Tibet semiarid climate zone and Ngari arid climate zone was much higher than that of other climate zones. However, the mean RUE of different grassland types was consistently around 0.07-0.09 g·m −2 ·mm −1 . Climate change influenced the patterns of ANPP and RUE in the grasslands. ANPP increased while RUE decreased in the central region of the Changtang Plateau with increasing precipitation, and ANPP decreased while RUE strongly increased at both ends of the region when precipitation decreased. The trend of RUE was highly negatively correlated with changing precipitation. RUE mostly experienced a downward trend in regions with higher temperature increases and an increasing trend in regions with lower temperature increases. Generally, the ANPP of the grasslands on the Changtang Plateau developed consistently with the precipitation gradient, and the spatial and temporal patterns of ANPP and RUE in different climate zones were also consistent with the general pattern. However, there was no evident difference in different grassland types, indicating that climate zones can better reflect the spatial and temporal patterns of ANPP and RUE. 
